Green-emitting, europium-activated strontium thiogallate (Sr 1Ϫx Eu x Ga 2 S 4 ) phosphors have applications in field emission displays (FEDs), cathode ray tubes (CRTs), and electroluminescent devices. 1,2 Synthesis of these phosphors has been carried out in controlled atmospheres from high-purity metals, 3 from solid-state reactions of sulfides, 1 or from solid-state reactions between oxides and carbonates of gallium and strontium in a H 2 S atmosphere. 1,4-7 Peters and Baglio 1,4,5 synthesized several alkaline earth thiogallates with different activators by first converting oxides and carbonates to individual sulfides in H 2 S gas at 900-1200ЊC and subsequently obtained the thiogallates as sintered cakes by sulfide reactions for 2 h at 1000ЊC in H 2 S gas. Eichenauer et al. and Davolos et al. 6, 7 prepared Sr 1Ϫx Eu x Ga 2 S 4 phosphors of 40 m size from SrCO 3 , Ga 2 O 3 , and Eu 2 O 3 by mixing and reacting at 900-1000ЊC in a H 2 S gas for 4 h followed by grinding and reheating under similar conditions. Donohue and Hanlon 3 prepared the phosphors from high-purity gallium metal and sulfur heated in a sealed silica tube at low temperatures between 24 and 48 h followed by 800ЊC heat-treatment for another 24 h. The resultant powders were ground, resealed in quartz tubes, and were reacted between 800 and 1000ЊC for an additional 24-48 h. Several drawbacks of these synthesis techniques are apparent. First, high temperatures and long reaction schedules are required. Second, H 2 S gas must be employed as the sulfurization agent. H 2 S is a highly toxic gas that can cause serious injury or death in low concentrations. Third, the as-synthesized particle size is large for display applications and the powders must be ground into a finer powder. It is well known that mechanical crushing creates lattice defects which, in turn, reduce the radiant efficiency of the phosphor.
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Green-emitting, europium-activated strontium thiogallate (Sr 1Ϫx Eu x Ga 2 S 4 ) phosphors have applications in field emission displays (FEDs), cathode ray tubes (CRTs), and electroluminescent devices. 1, 2 Synthesis of these phosphors has been carried out in controlled atmospheres from high-purity metals, 3 from solid-state reactions of sulfides, 1 or from solid-state reactions between oxides and carbonates of gallium and strontium in a H 2 S atmosphere. 1, [4] [5] [6] [7] Peters and Baglio 1,4,5 synthesized several alkaline earth thiogallates with different activators by first converting oxides and carbonates to individual sulfides in H 2 S gas at 900-1200ЊC and subsequently obtained the thiogallates as sintered cakes by sulfide reactions for 2 h at 1000ЊC in H 2 S gas. Eichenauer et al. and Davolos et al. 6, 7 prepared Sr 1Ϫx Eu x Ga 2 S 4 phosphors of 40 m size from SrCO 3 , Ga 2 O 3 , and Eu 2 O 3 by mixing and reacting at 900-1000ЊC in a H 2 S gas for 4 h followed by grinding and reheating under similar conditions. Donohue and Hanlon 3 prepared the phosphors from high-purity gallium metal and sulfur heated in a sealed silica tube at low temperatures between 24 and 48 h followed by 800ЊC heat-treatment for another 24 h. The resultant powders were ground, resealed in quartz tubes, and were reacted between 800 and 1000ЊC for an additional 24-48 h. Several drawbacks of these synthesis techniques are apparent. First, high temperatures and long reaction schedules are required. Second, H 2 S gas must be employed as the sulfurization agent. H 2 S is a highly toxic gas that can cause serious injury or death in low concentrations. Third, the as-synthesized particle size is large for display applications and the powders must be ground into a finer powder. It is well known that mechanical crushing creates lattice defects which, in turn, reduce the radiant efficiency of the phosphor.
A novel technique has been recently described by Kaner et al. [8] [9] [10] on the formation of sulfides by the reaction of metal chlorides with an alkali or alkaline earth metal sulfide. This technique is a solidstate rapid metathesis reaction (RMR) in which a double exchange takes place between the elements in the reactants. This is a highly exothermic reaction, and temperatures exceeding 1000ЊC in 10-100 s produce high-temperature phases and complex compounds with nanocrystalline particles embedded in a molten salt. The high temperature is a result of the large number of moles of salt formed (large negative enthalpy of formation), e.g., the reaction of a metal (M ϩn ) chloride MCl n with Na 2 S is [1] results in n moles of NaCl for every mole of sulfide formed.
In the present report, the synthesis of fine-particle-size Sr 1Ϫx Eu x Ga 2 S 4 phosphors using a solid-state RMR without employing H 2 S gas or extensive milling is described and the photoluminescent (PL) properties are reported.
MCl
Na S MS NaCl ϩ ϩ n n Table I . Consider first the separate reactions of strontium and gallium chloride with sodium sulfide SrCl 2 ϩ Na 2 S r SrS ϩ 2NaCl [2] 2GaCl 3 ϩ 3Na 2 S r Ga 2 S 3 ϩ 6NaCl [3] The enthalpy of the reaction, ⌬H rxn , is the difference between the enthalpy of the products and reactants, (⌬H) products -(⌬H) reactants . The ⌬H rxn for reactions 2 and 3 are Ϫ101.5 and Ϫ839.7 kJ/mol, respectively. Combining these two reactions yields SrCl 2 ϩ 2GaCl 3 ϩ 4Na 2 S r Ga 2 S 3 ϩ SrS ϩ 8NaCl [4] with ⌬H rxn ϭ Ϫ940 kJ/mol. The adiabatic reaction temperature (T ad ) can be calculated by the following relation [5] where T o is the ambient temperature. The adiabatic temperatures calculated for reactions 2 and 3 are 678 and 2058ЊC, respectively. If both the reactions take place simultaneously, a temperature of about 1686ЊC can be expected. Thus, if the direct formation of SrGa 2 S 4 is not achieved, the high temperature attained during the combined reactions of 2 and 3 is available for the sulfides to combine to form SrGa 2 S 4 via the reaction SrS ϩ Ga 2 S 3 r SrGa 2 S 4 [6] The heat of formation of SrGa 2 S 4 is currently not available; therefore, it is impossible to predict the overall heat of formation in the system and the net temperature attained.
Experimental
The starting materials were SrCl 2 иH 2 O (99.9%), anhydrous Na 2 S (98.5%), and EuCl 3 и6H 2 O (99.99%). All the materials were dried at 120ЊC for 24 h prior to reactions. Anhydrous GaCl 3 (99.9%) obtained in sealed glass ampules was used as the gallium source. The required amount of raw materials to produce 5 g Sr 0.96 Eu 0.04 Ga 2 S 4 were weighed in a glove box filled with dry N 2 gas and subsequently mixed with an agate mortar and pestle. When the GaCl 3 was added, the temperature of the reaction vessel increased and the evolution of vapors concurrent with melting (77.1ЊC) of GaCl 3 was observed. The reactants were thoroughly mixed to ensure GaCl 3 was completely reacted with the Na 2 S and SrCl 2 . At this point, the reacted mass was slightly yellow in color and nonluminescent under 365 nm UV excitation. The prereacted mixture was then heated with a hot filament applied to the surface to promote the metathesis reaction. 
After the reacted mass cooled, a portion was washed with deionized water several times to dissolve and completely remove NaCl. Another portion was heat-treated separately at 750ЊC in N 2 atmosphere for 4 h. After annealing, the powder was washed with deionized water several times to remove any residual NaCl. The complete removal of the chloride ions was ensured when the characteristic white AgCl precipitate was not detected in the filtrate solution after the addition of silver nitrate.
After washing, it was observed that the heat-treated powders contained a mixture of two phases: a majority of a yellow-body colored powder and a small amount of a white-body color powder. The powders were ultrasonically dispersed in isopropyl alcohol for 15 min and were separated by centrifuging. The two phases were examined using a Scintag XDS 2000 X-ray diffractometer with Cu K␣ radiation. The PL properties were evaluated using a charge coupled device detector under 365 nm UV excitation. The particle size and shape of the powders were characterized using a scanning electron microscope (SEM).
Results and Discussion
The XRD pattern of the as-synthesized powders were a mixture of nanocrystalline and amorphous phases, as shown in Fig. 1a . After heat-treating to 750ЊC, the yellow-body colored powder exhibited all the peaks corresponding to the JCPDS standard 13 for the SrGa 2 S 4 phase, as shown in Fig. 1b . The X-ray diffraction (XRD) pattern of the white-body colored powders shown in Fig. 1c indexed to the JCPDS standard ␤-Ga 2 O 3 . 14 However, as a consequence of the physical separation of the powders, there existed peaks corresponding to ␤-Ga 2 O 3 in SrGa 2 S 4 and vice versa. It should also be noted that there were no other peaks of any other sulfides or oxides in the two separated components aside from these two.
Due to the presence of water or oxygen containing compounds in the raw materials, the formation of the ␤-Ga 2 O 3 phase may arise from incomplete dehydration of the precursors or humidity in the dry box resulting in the hydrolysis of the intermediate sulfides of gallium. Despite the dehydration of the precursors, water may have been absorbed during transportation from the drying oven to the glove box, particularly on Na 2 S.
The hydrolysis of Ga 2 S 3 is expected to play a dominant role in the formation of Ga 2 O 3 , as it is known to readily hydrolyze and form an oxide or hydroxide by the following exothermic reactions Ga 2 S 3 ϩ 3H 2 O r Ga 2 O 3 ϩ 3H 2 S(g) (⌬H rxn ϭ Ϫ96.9 kJ/mol) [7] Ga 2 S 3 ϩ 6H 2 O r 2Ga(OH) 3 ϩ 3H 2 S(g) (⌬H rxn ϭ Ϫ190 kJ/mol) [8] If these reactions were to occur, a Sr-rich phase should be observed in the powders. However, the presence of SrS by XRD was not observed in the washed powders. This may also be due to the ease of hydrolysis of SrS in forming Sr(OH) 2 according to SrS ϩ 2H 2 O r Sr(OH) 2 ϩ H 2 S (g) (⌬H rxn ϭ Ϫ80.5 kJ/mol) [9] Due to the high solubility of Sr(OH) 2 in water, 15 Sr 2ϩ and OH Ϫ ions would be removed along with NaCl during washing step. Therefore, the presence of SrS cannot be detected in the XRD of the washed powders in these experiments.
Electron microscopy of the powders was carried out on the Sr 1Ϫx Eu x Ga 2 S 4 powders and compared with the standard phosphors. a The commercial powders consisted of aggregates of 20-30 m particles, shown in Fig. 2a , which appear to be partially sintered due to the reactions at high temperatures. The uneven edges of the commercial powders are a consequence of the continuous grinding of the powders that produced fracture of the aggregates and the individual particles, as shown in Fig. 2b . The solid-state RMR as-synthesized powders, which were not milled, were composed of 10-20 m diam agglomerates containing much finer faceted 1-2 m diam particles, as shown in Fig. 2c and d . The relatively fine crystallite sizes in solid-state RMR synthesized powders can be attributed to the short time sustained at high temperatures during the reaction which limits grain growth and the formation of the particles by homogeneous nucleation in the molten salt resulting in fine, well-dispersed particles.
Under 365 nm excitation, the as-synthesized reaction product exhibited blue emission in the bulk, with some regions of green emission observed on the sample surface. The PL spectrum of the assynthesized powders is shown in Fig. 3a. A strong, broad emission band centered at ϳ440 nm is present along with two additional peaks at 586 and 612 nm. The 612 nm band can be attributed to the characteristic red emission from Sr 1Ϫx Eu x S resulting from the 4f 6 5d r 4f 7 electronic transition of Eu 2ϩ , 16 while the small peak at 586 nm corresponds to the green emission from the 5d4f 6 r 4f 7 Eu 2ϩ transition in europium-activated gallium sulfide, (Ga 1Ϫx Eu x ) 2 S 3 . 17 The intense, broad peak centered at 440 nm is identified to be from europium-activated sodium chloride, Na 1Ϫx Eu x Cl. 18 The robustness of this peak is attributed to this composition having a PL quantum efficiency near 100%. 19 The PL spectrum of green-emitting regions from the surface of the as-synthesized material exhibit the characteristic 4f 6 5d r 4 f 6 emission at 535 nm in Sr 1Ϫx Eu x Ga 2 S 4 phosphors, as shown in Fig. 4a . [1] [2] [3] 6, 7 The green emission from the better reacted surface due to the application a Phosphor Technology Center of Excellence (PTCOE) standard sample Sarnoff N984-28E. Figure 4b shows the PL spectrum of the heat-treated powders exhibited only green emission at 535 nm and matches well with that of the standard phosphors as shown in Fig.  4b . As expected, the peaks identified with Na 1Ϫx Eu x Cl, (Ga 1Ϫx Eu x ) 2 S 3 , and Sr 1Ϫx Eu x S have disappeared, indicating that the washing procedure completely removed the salt and the soluble sulfide products from the as-reacted product. The powders synthesized by solid-state RMR are about 40% of the intensity of the commercial phosphors. The low PL intensity of RMR powders could be due to the presence of Ga 2 O 3 or disorder on the Eu 2ϩ sites as a consequence of the nonequilibrium synthesis technique. 20 Conclusions A solid-state RMR was successfully employed for the synthesis of fine-particle size, green-emitting Sr 1Ϫx Eu x Ga 2 S 4 phosphors at low temperatures without employing H 2 S gas or extensive grinding. The reaction temperatures and the times employed were well below those reported in other work (750ЊC for 4 h compared to 900-1200ЊC for several hours to days). The as-synthesized powders were weakly crystalline and nonluminescent. Heat-treatment at 750ЊC for 4 h in N 2 resulted in the crystallization of luminescent Sr 1Ϫx Eu x Ga 2 S 4 with the characteristic broad-band emission centered at 535 nm.
